Abstract-While the Large Hadron Collider (LHC) began taking data in 2009, scenarios for a machine upgrade to achieve a much higher luminosity are being developed. In the current planning, it is foreseen to increase the luminosity of the LHC at CERN around 2018. As radiation damage scales with integrated luminosity, the particle physics experiments will need to be equipped with a new generation of radiation hard detectors. This article reports on the status of the R&D projects on radiation hard silicon strips detectors for particle physics, linked to the Large Hadron Collider Upgrade, super-LHC (sLHC) of the ATLAS microstrip detector. The primary focus of this report is on measuring the radiation hardness of the silicon materials and the detectors under study. This involves designing silicon detectors, irradiating them to the sLHC radiation levels and studying their performance as particle detectors. The most promising silicon detector for the different radiation levels in the different regions of the ATLAS microstrip detector will be presented. Important challenges related to engineering layout, powering, cooling and reading out a very large strip detector are presented. Ideas on possible schemes for the layout and support mechanics will be shown.
I. INTRODUCTION
T HE CERN Large Hadron Collider (LHC) will soon start taking data. The LHC detectors have been designed for a luminosity of . An upgrade of the LHC towards higher luminosities has been considered as an extension of the LHC physics program. This increase of one order of magnitude in luminosity will extend the LHC discovery reach by about 20% in terms of mass of new objects and allow additional and more precise measurements to be performed. The upgraded machine is called the super Large Hadron Collider (sLHC). There will be two phases: Phase I (luminosity up to ) and Phase II (luminosity up to ). The timescale of such a significant upgrade is driven by three major factors: the fact that the LHC magnets will be damaged by radiation (the quadrupole magnets at the interaction point could fail after 7 years operation at nominal luminosity). The second factor is an increase in pile-up of events per beam crossing from 20 to 400. Finally, an increase of total fluence of particles.
The second factor implies a finer granularity in the SemiConductor Tracker (SCT) to keep the occupancy acceptably low. And the last factor implies significant radiation damage on the detectors. The detectors will need to be replaced and technologically improved. This is of particular importance for the SCT located close to the LHC interaction region, where the highest radiation doses occur. The detectors must keep their performance despite the increases of pileup events and total particle fluence. Even without the sLHC, after 7 years of LHC operation the inner tracker will need replacement due to radiation damage.
II. ATLAS SCT UPGRADE
The ATLAS experiment will require a new particle tracking system for sLHC operation. The ATLAS Inner Detector (ID) utilizes silicon technology of pixel (Pixel Detector) and strips (SCT) and transition radiation technology (Transition Radiation Tracker, TRT). The most significant upgrade for ATLAS will be the full replacement of the whole ID foreseen at the phase II. In order to cope with the increase in pile-up events by about one order of magnitude at the higher luminosity, a silicon detector with enhanced radiation hardness is being designed. The barrel SCT will be extended to a 5 silicon microstrip layers at radii of 38, 49, 60, 75 and 95 cm. Currently it consists of only 4 layers from a radius of 30-51 cm [1] . The inner three layers are designed to contain short 24 mm-long strips; These are the short strip layers. The outer two barrel layers are the long strip layers. They are required to have 96 mm-long strip detectors. The pitch for long and short strips is expected to be about . This design is expected to keep the occupancy below 1.6% at the innermost radius, which is considered adequate. The three outer barrel SCT layers will replace the barrel TRT.
The current SCT covers an area of with 6.3 million channels.
The tracker will be completed with a set of disks arranged normal to the beam axis.
All this shows the complex challenges that have to be developed, not only in radiation hard detectors but in powering, cooling, thermal management and integration engineering.
As radiation damage scales with integrated luminosity, the radiation environment inside the tracker will increase. The short strip detectors are required to withstand which consists of approximately 50% neutrons and 50% charged hadrons, while the outer detectors will have to cope with consisting mostly in neutrons (as the present SCT detectors). A massive R&D program is underway to develop silicon sensors with sufficient radiation hardness [2] .
III. SILICON STRIP DETECTORS
High resistivity p-type FZ silicon is one of the most promising radiation hard sensors [3] . Detectors with implants defining the strips are required so electrons created by the ionization from a minimum ionizing particle drifts towards them. Electrons have the advantage of higher mobility than holes.
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A new batch of R&D sensors, called ATLAS 07 [5] , was fabricated in 6-inch (150 mm) thick wafers: p-FZ of (FZ1) and (FZ2). Both are . The n-strip isolation structures were implemented in six different zones (Fig. 1) . Isolation of these strips, high-voltage performance, punch-through protection and charge collection as a function of irradiation fluence will be investigated. These devices were fabricated with and without an additional p-spray doping.
The ATLAS 07 miniature sensors were irradiated with Neutrons at the Reactor Centre at the Jozef Stefan Institute at Ljubljana [6] and with protons at the Cyclotron and Radioisotope Center (CYRIC) at Tohoku University [7] .
A. Charge Collection Efficiency (CCE) Measurements
Several working groups have carried out the characterization of the sensors: The University of Tsukuba/KEK, UC-Santa Cruz, The University of Liverpool, the Jozef Stefan Institute and the IFIC-Valencia. The CCE was tested by illuminating the sensors with a radiation source (1064 nm-laser or a source). The good agreement between the different systems used in every site can be seen in the Fig. 2 which shows the collected charge versus bias voltage for non-irradiated samples [8] . A summary of the measurements is shown in the Fig. 3 . The proton irradiations were performed at 2.3, 6 and with 70 MeV protons. A summary of the measurements is shown in the Fig. 4 .
The good agreement between the measurements performed at distinct sites is a consistent fact. The data with neutron irradiation at all three fluencies are measured within annealing uncertainties. The ATLAS 07 performance is as expected. For instance, at the highest doses at 500 V, the signal generated is 11-14 ke-after irradiation with protons and 8-10 ke-after irradiation with neutrons.
B. Full Size Sensor Testing
Five non-irradiated Hamamatsu large sensors have been tested. They are a square sensor of and with a thickness. The sensors are made of high resistivity p-type silicon, strips and p-stop isolation. They are formed by 4 segments (2 with stereo angle between strips and 2 with straight strips) and a total number of 1280 strips and 2 field-shaping strips per segment. The wafers are numbered in order to distinguish them: Wafers 04, 07, 09, 16 and 22. Several standard tests have been carried out (full depletion voltage, strip current, strip test…) and they are limited to 500 V bias voltage [9] . The full depletion voltage (FDV) has been extracted from the Capacitance plots for the 5 sensors (Fig. 5) . The FDVs are sum- The integrity of the n-strips was characterized by measuring the strip current in a needle probe. The sensors were biased to . After that, series measurements between the strip metal and the bias rail yielded the strip coupling capacitance and the bias resistance. This can be seen for the wafer 7 in the Fig. 6 . The mean strip current is around 13 nA. The mean coupling capacitance is 68 pF and the bias resistor is approximately along all the strips.
Histograms in Fig. 7 show the current, the coupling capacitance and the bias resistance for all the strips corresponding to 2 sensors (wafers 16 and 22). There is a good match between sensors for strip coupling capacitance and bias resistance values. The strip current is sensitive to external conditions (temperature, humidity) and differs between sensors, but there is a very low spread across channels on a sensor. The strip integrity for the wafers 7, 16 and 22 is perfect (100%). There were 4 bad channels in wafer 4 which results an integrity of 99.84% and finally in the wafer 9, 3 channels failed and 4 strips were scratched. Nevertheless, it corresponds to an integrity of 99.54%.
Interstrip capacitance measurements were carried out for the wafer 16 and 22. The Fig. 8 shows the interstrip capacitance versus the bias voltage for the different segments of the wafer 7. It is obtained an average of 1.8 pF/strip (0.75 pF/cm) which is a 10-15% higher when including next neighbors. The measurements were made at a frequency of 100 kHz.
IV. ALTERNATIVE MODULE INTEGRATION CONCEPTS
The ATLAS tracker upgrade needs challenging new designs for the demanding requirements in terms of technology and services. A higher level of integration is required which must be combined with the sensor modularity. A very large strip detector with several millions of detector channels within space and time constraints will have to be built, powered, cooled and readout.
The main idea is to supply the services of powering, cooling and readout grouped for several small modules and integrated into a new super module. This is considered as a complete unit instead of installing individual modules onto the barrel and the discs. Recently the ATLAS collaboration proposed the stave concept [10] (straight stave for the barrel SCT and petal stave for the End-cap SCT).
A. The Stave Concept
The stave concept is a carbon honeycomb structure with embedded cooling pipes and bus cable and silicon sensors directly glued onto the structure. The baseline has Hybrids glued directly on the sensors. The baseline integrated stave concept consists of the following elements: a mechanical support with an integrated cooling (mechanical core), a bus cable laminated to the mechanical core and mechanics to hold the stave to the support structure and connectors. The silicon detector modules (hybrid with readout electronics and silicon sensor) will be glued to the bus cables.
A stave with petal shape, called petal, will be used for the End-cap (see Fig. 10 ). Every disk will be divided into 32 petals, with 4 different petal types depending on the inner radius chosen . There will be 6 different detector types mounted on petals.
B. Thermal Management
The designs need to be evaluated to find the optimal thermal performance, especially in the heat sources (hybrids and sensors). The thermal modeling is important also for predicting the safety margin before thermal runaway of the silicon sensors. Thermal simulations of end-cap modules are being carried out at IFIC-Valencia [11] . Fig. 11 shows the highest temperature on sensor as a function of the sensor power with a fixed chip power. It is assumed coolant temperature and on the return pipe. The applied voltage on the sensor is 500 V.
The expected operation condition is nearly for the end-cap modules with a safety margin of . According to simulations, we have a good thermal behavior with respect to the thermal runaway. For the safety margin, the sensors are calculated to operate at a maximum temperature of (1 8 chips end-cap module) and (4 8 chips in an end-cap module).
V. SUMMARY
A massive R&D program, involving many particle physics groups and several leading manufacturers of silicon detectors for particle physics, is underway to develop silicon sensors with sufficient radiation hardness. In parallel, the SCT commissioning experience has taught us to look into alternative module concepts, in which higher levels of integration are combined with the modularity of the SCT approach. New module integration concepts have arisen from it: Stave/Petal designs.
